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ABSTRACT 
The finite element (FE) method has been used to study the mechanical and thermal properties of both 
conventional and auxetic (i.e. negative Poisson’s ratio) honeycombs, which may be used as the cores of 
sandwich panel composites. Failure of the honeycomb structures was simulated using a crack propagation 
method developed in-house. The cell-wall stress build up in the conventional honeycomb was calculated to be 
significantly reduced relative to the auxetic honeycomb under (2D) hydrostatic loading, implying that the 
conventional core will undergo significantly less internal damage than the auxetic core. Conversely, the auxetic 
honeycomb performs better than the conventional honeycomb under thermal loading conditions. The size and 
pathway of the crack formed during the simulation is dependent on the failure stress distribution used in the 
crack propagation routine. 
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INTRODUCTION  
Sandwich panel composites are widely used in the automotive and aerospace industries and typically consist of 
a foam or honeycomb material sandwiched between two outer laminate skins (Fig. 1). The result is a high 
strength to weight material, ideal for aircraft wings or car doors. The strength and stiffness of these composites 
is in part dependent on the foam or honeycomb structure employed. Similarly, the ability to tailor the curvature 
of a sandwich panel composite used in, for example, an aircraft nose cone, is related to the panel mechanical 
properties and therefore the geometry of the structure of the cellular core material [1]. For example, Fig. 2(a) 
shows a conventional honeycomb deforming by hinging of the honeycomb cell walls (ribs), leading to the cells 
elongating along the tensile loading direction but contracting laterally. Hence, this honeycomb network has a 
positive Poisson's ratio and it has been shown [1] that a sandwich panel composite containing a positive 
Poisson’s ratio honeycomb core adopts a saddle shape (anticlastic curvature) upon out-of-plane bending (Fig. 
3(a)). However, if the honeycomb geometry is modified so that the cells adopt the 're-entrant' geometry shown 
in Fig. 2(b), then the cells elongate both along and transverse to the tensile loading direction, giving rise to a 
negative Poisson’s ratio, known as auxetic behaviour [2]. An auxetic panel subject to an out-of-plane bending 
moment has been shown [1] to naturally adopt a doubly-curved or dome shape (synclastic curvature – Fig. 3(b)) 
by virtue of possessing a negative in-plane Poisson’s ratio. The potential of auxetic sandwich panels in curved 
body parts for cars and aircraft is clearly evident. 
Given the applications for sandwich panels, the way in which the core material reacts under mechanical 
and thermal loading conditions is clearly of importance from a design viewpoint [3]. A number of analytical and 
numerical (e.g. finite element – FE) models for prediction of the mechanical properties of honeycombs are 
present in the literature. Gibson et al [4,5] developed an analytical model based on flexure of the ribs, 
formulating expressions for the in-plane mechanical properties (i.e. Poisson's ratios, and Young’s and shear 
moduli). This work was expanded by Evans and co-workers [6,7] who developed models that incorporated rib 
hinging (change of rib angle) and rib stretching (change in rib length). The models allow these deformation 
mechanisms to occur concurrently with rib flexure. Overaker et al [8,9] developed an elastic compliance matrix 
for honeycomb deformation and investigated the effect of relative density changes due to rib thickness 
variations on the in-plane mechanical properties. Scarpa et al [10] have also used the FE method and the 
analytical flexural model [4,5] to investigate such changes. Each of these models predicts that reduction in the 
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relative density significantly reduces the strength and stiffness of the honeycomb. The analytical approaches are 
very successful at predicting the mechanical properties of pristine (defect free) honeycombs.  
However, to accurately predict the properties of these materials subject to damage-inducing processes either in 
production or in service, models are required to predict the material properties in the presence of broken ribs 
(i.e. when defects are present in the core material). A number of attempts have been made to model the 
mechanical properties of honeycombs with broken ribs which usually employ the use of numerical techniques. 
Silva and Gibson [11] used the FE method to investigate the strength and stiffness of regular and irregular 
conventional honeycombs. This was achieved by randomly deleting ribs from the finite element mesh. They 
reported that the regularity of the honeycomb increases strength, while deletion of the ribs reduces both strength 
and stiffness. Additionally, they found these properties decreased to zero when ~35% of the ribs were removed 
at random, consistent with the formation of a continuous path predicted from percolation theory. Andrews et al 
[12] have reported that the presence of defects in closed foams show significantly reduced strength. This 
reduced value is attributed to microstructural bending rather than stretching of the cell walls. More recently, 
Guo and Gibson [13] used the FE method to investigated the effect of defects on the plastic collapse of 
honeycombs. In this study a number of unit cells were removed from the interior of a conventional honeycomb 
structure. It was reported that plastic collapse of the structure was dependent of the amount of buckling of the 
cell walls. The amount of buckling present was shown to be dependent on the number of unit cells removed. 
 
Two of us (JPMW & AA) have recently [14,15] used the FE method to investigate the effects on the 
mechanical properties of conventional and re-entrant honeycombs due to three rib deletion scenarios: deletion of 
‘diagonal’, ‘vertical’ and vertical-plus-diagonal ribs – see Fig. 4. This work showed that deletion of only vertical 
ribs actually leads to slight enhancement of the honeycomb stiffness in the direction perpendicular to the vertical 
ribs (Fig. 4(a)). Additionally, the magnitude of the Poisson's ratio was also shown to increase for this loading 
and defect combination, implying the corresponding Poisson’s ratio of an auxetic honeycomb becomes more 
negative (Fig. 4(b)). 
In this paper we report results from a comparative modelling study of the mechanical and thermal 
properties of honeycomb core materials possessing negative and positive Poisson's ratios. A crack propagation 
method is also presented to enable a more realistic simulation of defect generation to be considered. The lateral 
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dimensions of the honeycombs considered in this paper are large compared with the thickness and so we 
consider them as effectively 2D elastic systems, corresponding to the in-plane properties. Hence, we use the 
term hydrostatic stress in this paper to imply equal stress in the two principal directions of the honeycombs. In 
the mechanical models, a hydrostatic stress is applied in the plane of the honeycomb to simulate in-plane 
stresses that may occur within the sandwich panel during service. This honeycomb may represent a honeycomb 
core material, or may be considered as an approximation to a 3D foam core. In the thermal models, a thermal 
gradient is applied from one edge to the opposite edge of the honeycomb to simulate the effects of heat on the 
surface of the sandwich panel. In this later scenario the 2D honeycomb structure is an approximation to a 3D 
foam core material. 
MODELS AND METHODS  
The conventional and re-entrant geometrical parameters are shown in Fig. 2. The honeycombs consist of vertical 
ribs of length h and diagonal ribs of length l at an angle  to the horizontal. Identical rib dimensions, based on 
one of the Alderson et al [16] honeycomb geometries, were used for both the conventional and re-entrant 
honeycombs modelled: h = 0.78mm, l = 0.54mm, rib thickness t = 0.086mm and rib depth b = 0.128mm. In the 
case of the re-entrant honeycomb  = -23o, whereas  = +23o for the conventional honeycomb. The intrinsic 
material properties were taken from [16], i.e. rib Young’s modulus Erib = 4.4 GPa and rib Poisson’s ratio rib = 
0.56.  
Finite Element Models  
Two proprietary F.E. packages were used to perform the calculations: ANSYS [17] and SDRC I-DEAS [18]. 
The second package was employed mainly for verification purposes. Each rib was modelled using one (diagonal 
rib) or two (vertical rib) idealised beam elements (i.e. ANSYS BEAM3 Element or SDRC I-DEAS Linear 
Elastic Beam Element 21). Arrays of 21  21 unit cells were modelled, although as the crack propagation 
routine was rather computationally expensive models were limited to 11  11 unit cells in this case.  In the 
solution phase a non-linear static large deformation was sought. This employed either a modified or full Newton 
Raphson method with adaptive line decent [19]. 
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Bi-Axial (Hydrostatic) Loading  
Forces (to induce ~ 0.1% strain) were applied to the nodes of two orthogonal edges of the honeycomb model. At 
each edges opposite to the edges to which force was applied, the nodes were constrained from movement in the 
direction perpendicular to the edge and from rotation in the x,y plane. However, the restrained nodes were free 
to move parallel to the edge direction.  In plane hydrostatic loading was achieved by ensuing the total model 
reaction force divided by the area of the edge (= the applied stress) was equal for both orthogonal edges to 
which displacement was applied. 
Thermal Loading  
This process involved the solution of a steady state heat conduction equation (i.e. Laplace’s equation [20]) 
followed by a static solution with all temperatures applied as body loads at the element nodes. 
In the thermal analysis, the beam elements were replaced by two-dimensional conductive bar elements (i.e. 
ANSYS LINK32 [19]). In the solution phase a thermal gradient was applied by holding the nodes of one edge at 
temperature T0 and the nodes of the opposing edge at T1, and a standard steady state thermal solution was 
sought. 
In the static analysis the nodes on each edge of the honeycomb were clamped from movement in any direction 
and from rotation in the (x,y) plane. The aforementioned Modified Newton-Raphson routine was optimised to 
ensure convergence. For the initial load step a convergence load was approximated thus:  
gaEAF              (1) 
where F is the total reaction force at the constrained edge to which the thermal load T1 is applied, A is the cross 
sectional area of the edge and  is the applied thermal strain (i.e.  = T where  is the average coefficient of 
linear expansion of the honeycomb and T the absolute temperature change (= T1 – T0)). Ega is the appropriate 
Young’s modulus of the honeycomb calculated from the analytical flexure model [4,5]. For subsequent load 
steps the total reaction force at the constrained edges was used as the convergence force for the next load step. 
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Crack Propagation 
In order to simulate realistic defect generation in the honeycomb core a crack propagation routine has been 
developed, using sophisticated birth and death processes within the ANSYS software [21]. The routine assigns 
each honeycomb rib with a failure stress taken from a normal distribution, i.e. N(,s). The Von Mises stress 
induced in each rib due to the particular loading condition being investigated is then evaluated.  The ratio of the 
Von Mises stress to assigned rib failure stress is used as the failure criterion. The rib corresponding to the 
maximum failure criterion value is then identified. This rib is the first rib which will fail when the applied load 
is such that the stress in the rib exceeds the assigned failure stress of the rib by an infinitesimal amount. The rib 
is thus deactivated from the model, using the death of elements procedure within ANSYS [21]. The model is 
then re-solved and the next activated (live) rib with the maximum failure criterion is identified as the next rib to 
fail in the crack propagation routine. The process is repeated until a continuous crack is formed from one edge 
to another. This routine has the advantage that local stress concentration effects are taken into account, thus 
giving a more realistic defect generation scenario than the random rib deletion scenarios studied to date. 
This routine was also employed to investigate damage due to identical hydrostatic loading conditions 
for both honeycombs. Since generally higher rib stresses were observed in the re-entrant honeycomb (Fig. 5) the 
failure stress of this system was applied to both honeycombs. An initial trial total force was divided by the 
maximum failure criterion value to give the applied stress required to fail the first rib in the re-entrant 
honeycomb.  This rib was deactivated and the system re-solved for the same applied stress to identify the next 
rib to fail. This was repeated for as long as the failure criterion value was greater than, or equal to, unity, since 
this implies the applied stress is sufficient to cause rib failure. If at any point in the simulation a maximum 
failure criterion value of below unity was observed (indicating that no ribs would fail under this applied stress), 
then a new applied stress value was calculated by dividing the current applied stress by the maximum failure 
criterion value. This gives the applied stress required to cause failure of the next rib and was thus applied in the 
next load step.  This was repeated for the conventional honeycomb up to the failure stress of the re-entrant 
honeycomb. 
For the mechanical properties calculations, stresses and strains and the derived honeycomb mechanical 
properties (Poisson’s ratios and Young’s moduli) were calculated as described in [15]. 
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Results & Discussion   
Hydrostatic Loading  
Figure 5 shows a plot of the maximum stress in each of the re-entrant honeycomb ribs against the maximum 
stress in the equivalent ribs in the conventional honeycomb. The data all lie above the equality line in Fig. 5, 
indicating that the rib stress build up due to hydrostatic loading is higher for the re-entrant (auxetic) geometry. 
Additionally, there are two district regions of data: a low stress region corresponding to the vertical ribs and a 
high stress region corresponding to the diagonal ribs.  
The increased stress build-up for the auxetic honeycomb when subject to hydrostatic loading can be 
explained by considering the schematics in the inserts of Fig. 5, which show the components of each applied 
stress causing flexure of the diagonal ribs (known to be the dominant deformation mechanism in the 
honeycombs investigated here [16]). In the case of the conventional honeycomb the components of the vertical 
and horizontal applied stresses causing flexure of the diagonal ribs are acting in opposite directions on the rib 
and thus tend to cancel each other out, leading to only a small flexural stress acting on the ribs. For the auxetic 
honeycomb, on the other hand, the components of the vertical and horizontal applied stresses causing flexure of 
the diagonal ribs act in the same direction and so are additive, leading to a large flexure stress acting on the ribs, 
consistent with the FE model calculations. 
Thermal Modelling  
Preliminary FE calculations showed that the rib stresses were all negative (i.e. compressive) if a positive 
temperature gradient (heating) was applied; for negative temperature gradients (cooling) the converse was 
observed. Upon heating the internal structure tends to expand but is constrained from movement by the fixed 
boundary conditions applied in these simulations. Thus, the ribs expand against one another with the result that 
compressive rib stresses are expected. Opposite effects are expected for cooling. Thus, it can be concluded that 
the FE model reacts in a physically sensible manner.  
Figure 6 shows the comparison between the calculated maximum stress values in the equivalent ribs of 
the conventional and auxetic honeycombs subject to an identical temperature gradient in the x direction. Almost 
all the rib stresses lie below the equality line indicating that more stress build up is observed in the conventional 
honeycomb. This can be understood qualitatively by considering the schematic inserts in Fig. 6 which show the 
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expected thermal stress build up at the rib junctions in the two types of honeycomb. For the conventional 
honeycomb thermal expansion of the ribs causes a build up of stress at the junction as a consequence of the fact 
that the ribs are expanding against each other, leading to eventual failure at the junction. For the auxetic (re-
entrant) honeycomb, on the other hand, the ribs are able to expand into free space at the junction, i.e. they are 
not acting against each other to the same extent, leading to reduced thermal stress build up and therefore the 
junction will be expected to remain intact to greater thermal loads.  
Hence the FE models indicate that auxetic honeycombs will have enhanced thermal properties such as 
thermal shock resistance. From standard expressions [22] the thermal shock resistance, Tc, of an isotropic 
material is related to the Poisson’s ratio, , by  
  1cT            (2) 
Equation (2) illustrates that the thermal shock resistance of a material is predicted to be enhanced when 
 is negative (i.e. an auxetic material) compared to positive (a non-auxetic material), consistent with the FE 
model calculations for the honeycombs presented in this paper. 
Crack Propagation  
The size and pathway of the major crack formed in the crack propagation routine was found to be 
related to the distribution of failure stresses. A wide failure stress distribution (i.e. N(,/3)) typically produced 
a longer crack which penetrated a greater depth from the loading edge than for a narrow failure distribution (i.e. 
N(,/100))  as shown Fig. 7. It would appear that for a wide failure stress distribution crack propagation is 
governed by the generation of defects over the entire area of honeycomb before crack formation occurs through 
connection of a number of these sites. For the narrow failure stress distribution, indicating a more homogenous 
structure/material, the crack forms very close to the edge to which load is applied (where the stress in the ribs is 
largest) and crack propagation is now dictated by local stress concentration at the crack tip, leading to the major 
crack forming approximately parallel and near to the loading edge.  
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It is interesting to note that, even for the widest distribution used in this work (i.e. N(,/3)), on 
average only ~ 5% of the cell walls are removed before full failure of the honeycombs occurs. This is well 
below the 35% observed by Silva and Gibson [11] for random deletion of ribs. Hence, the crack propagation 
routine predicts failure in real honeycombs will occur far earlier than predicted by the random rib deletion 
studies.  
Figure 8 shows the effect on the honeycomb Young’s moduli due to failure of a conventional 
honeycomb through crack propagation for loads applied in the horizontal (x, Fig. 8(a)) and vertical (y, Fig. 8(b)) 
directions. Both Ex and Ey decrease as the crack propagates. The size of the failure stress distribution is found to 
effect the variation in these mechanical properties, the narrower the distribution the greater the reduction in the 
elastic modulus.  
Under hydrostatic stress conditions the systems almost always failed by catastrophic failure. That is, 
the applied stress required to induce failure of the first rib was enough to fail the entire structure.  
Fig. 9(a) and Fig. 9(b) shows the effects of crack propagation due to a hydrostatic stress condition on 
the re-entrant and conventional honeycombs respectively. Fig. 9(a) shows a continuous crack has formed 
through the honeycomb, whereas Fig. 9(b) shows that the conventional honeycomb has no failed ribs under 
these identical loading conditions. Thus, the modelling procedure shows that the re-entrant honeycomb would 
fail at this hydrostatic stress, while the conventional honeycomb would remain intact and would therefore 
require a much larger hydrostatic stress to cause failure.    
It should be noted that the results of the hydrostatic loading scenario imply that if the crack propagation 
routine was employed to observe damage due to thermal loading, one would expect opposite results. That is, for 
identical temperature gradients the auxetic honeycomb would show little or no damage under the same thermal 
loading at which the conventional honeycomb undergoes catastrophic failure. 
SUMMARY AND CONCLUSIONS  
Finite element approaches have been employed to investigate stress build-up in the honeycomb cores of 
sandwich panel composites, due to hydrostatic stress and thermal loading conditions. A crack propagation 
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routine has also been developed for the FE method to approximate in-service failure of the honeycomb core. 
The calculations predict that the thermally-induced stress build-up in the honeycomb ribs can be minimised by 
transforming the geometry from a conventional honeycomb to a re-entrant (auxetic) honeycomb. However, this 
same conversion actually leads to detrimental performance of the honeycomb when subject to hydrostatic 
loading, i.e. stress build-up in the honeycomb ribs is increased in the re-entrant honeycomb compared to the 
conventional honeycomb. The crack propagation routine provides a more realistic simulation of internal failure 
processes than the random deletion of ribs studied previously, indicating that a significantly reduced number of 
ribs are required to fail for full failure of the honeycomb. A reduction in the elastic moduli of the honeycomb is 
predicted as crack propagation proceeds. Under identical applied hydrostatic stress conditions the crack 
propagation routine predicts the conventional honeycomb would remain totally undamaged at the stress required 
to cause failure of the auxetic honeycomb. Conversely, under thermal loading a higher amount of damage is 
expected in the conventional honeycomb than in the auxetic honeycomb.  
The results presented in this paper imply that, in addition to the presented published benefits in doubly-curved 
structures [1], auxetic honeycombs may lead to sandwich panel composites having improved thermal 
performance. However, this is at the expense of a lower resistance to (in-plane) hydrostatic stresses. Ultimately, 
it is intended that this work will enable a predictive tool to be developed to aid in the optimal design of 
honeycomb core materials in sandwich panel composites.  
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NOMENCLATURE 
b = rib depth (m) 
h = vertical rib length (m) 
l = diagonal rib length (m) 
s= standard deviation of rib failure stresses (MPa) 
t = rib thickness (m) 
A = cross sectional area of edge (m2) 
Ei = Young’s modulus in i direction (N/m2) 
Ega = flexure model Young’s modulus (N/m2) 
Erib = rib Young’s modulus (N/m2) 
F = total reaction force (N) 
N(,s) = Normal Distribution of rib failure stresses with mean () and standard deviation (s) 
T0 = low absolute temperature (K) 
T1 = high absolute temperature (K) 
 = average coefficient of linear expansion (K-1) 
 = applied strain (m/m) 
 = honeycomb angle (radians) 
= mean rib failure stress (=10MPa) 
 = Poisson’s ratio of isotropic material 
ij = Poisson’s ratio due to load in i direction 
rib = rib Poisson’s ratio 
T = absolute temperature difference (K) 
Tc = thermal shock resistance (K) 
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FIGURE CAPTIONS: 
 
 
Fig. 1. Schematic sandwich panel composite consisting of an inner cellular core material sandwiched between 
two outer laminate skins. 
 
Fig. 2. (a) Conventional honeycomb deforming by hinging of the ribs leading to a positive Poisson’s ratio. 
‘Vertical’ and ‘diagonal’ ribs are also indicated. (b) Re-entrant honeycomb deforming in the same manner 
leading to a negative Poisson’s ratio. 
 
Fig. 3. Curvature of (a) positive and (b) negative in-plane Poisson’s ratio panels. 
 
Fig. 4. (a) Young’s modulus (Ex) and (b) Poisson’s ratio (xy) for the re-entrant honeycomb vs % reduction in 
relative density due to random deletion of diagonal-plus-vertical ribs (squares), vertical ribs (diamonds) and 
diagonal ribs (triangles). Taken from [15]). 
 
Fig. 5. Comparative maximum rib stress plot for auxetic and non-auxetic honeycombs subject to hydrostatic 
loading. Inserts show components of applied vertical and horizontal stresses causing flexure of diagonal rib. 
 
Fig. 6. Comparative thermally-induced maximum rib stress plot for auxetic and non-auxetic honeycombs 
subject to an identical horizontal thermal gradient. Inserts show thermal expansion of ribs at junction. 
 
Fig. 7. Typical cracks simulated using the crack propagation routine for (a) wide (N(,/3)  (b) narrow 
(N(,/100) and failure stress distributions. Cracks are formed for a load applied to the top edge in the vertical 
direction. 
 
Fig. 8. Conventional honeycomb Young’s modulus vs number of ribs deleted for cracks propagating due to a 
load applied in the (a) horizontal and (b) vertical directions. Crosses are for a wide failure stress distribution i.e. 
N(,/3), squares an intermediate distribution i.e. N(,/10) and diamonds a narrow distribution i.e. 
N(,/100). 
 
Fig. 9. Typical cracks simulated using the crack propagation routine for an intermediate (N(,/10)) failure 
stress distribution, under hydrostatic loading conditions. 
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